This chapter describes the prospects for detecting the first black holes in our Universe, with a specific focus on instruments/telescopes that will come online within the next decade, including e.g. the SKA, WFIRST, EUCLID, JWST, and large ground-based facilities such as E-ELTs, GMT and TMT. This chapter focusses on: (i) the indirect detectability of the first generations of stellar mass black holes through their imprint on various Cosmic Background Radiation fields including the 21-cm and X-ray backgrounds; (ii) direct detectability of line and continuum emission by more massive black holes (MBH ∼ 10 4 − 10 6 M ) that formed via channels other than 'ordinary' stellar evolution.
Introduction
Understanding the formation of the first stars, black holes and galaxies in our Universe represents one of the key challenges in cosmology. This represents a well-defined problem, with initial conditions that are constrained well by the observed intensity fluctuations in the cosmic microwave background (CMB). However, understanding the physical properties of the first stars and black holes requires following the evolution of density perturbations deep into the non-linear regime, where a number of physical processes -e.g. (i) the effects of turbulence on sub-grid scales, which can affect hydrodynamics on resolved scales [1] , (ii) the presence of weak seed mag-netic fields [2] [3] [4] , (iii) the precise nature of dark matter (cold vs. warm vs. self-interacting), (iv) streaming velocities between dark matter and baryons [5] [6] [7] [8] , and (v) feedback effects that become relevant with the first onset of nuclear fusion (as in 'quasi-stars', see e.g. Ref [9] ) -can strongly affect the late stages of gravitational collapse (see e.g. [10] [11] [12] for reviews on the formation of the first black holes and [13, 14] for the formation of the first stars). With little to no guidance by observations, the physical properties of the first stars and black holes are not well known.
The goal of this chapter is to discuss the prospects for improving our observational constraints, and to focus on the prospects for detecting the first black holes that formed in the Universe. I will focus mainly a on the detectability of (i) stellar mass black holes, which formed after at the end of the life-time of the first massive stars, and (ii) more massive M BH ∼ 10 4 − 10 6 M that can form in the young Universe through a variety of channels. This discussion focusses on the detectability for the most recent and the next generation of instruments and telescopes. The outline of this chapter is as follows: I will discuss the prospects for the detectability of stellar mass black holes in § 2 and § 3. I then discuss the detectability of more massive black holes in § 4, before I summarize in § 5.
Abbreviation
full name BH black hole DCBH direct collapse black hole CMB cosmic microwave background IGM intergalactic medium WF Wouthuysen-Field XRB X-ray background HMXB high-mass X-ray binary SFR star formation rate SFG star-forming galaxy NIRB near infrared background OBG obese black hole galaxy a I will not discuss the detectability of the first primordial black holes that may form in the very early Universe (see e.g. Refs. [15, 16] ). This chapter will in particular be dedicated to electromagnetic observations, while observations through gravitational wave observatories have been discussed in chapter 3. For observational constraints on primordial black holes, see e.g. Ref [17] .
Prospects for Direct Detection of the First Stellar Mass Black Holes
Observations indicate that the electro-magnetic spectrum associated with accretion onto a stellar mass black hole varies strongly with the rate at which the black hole is accreting. For the highest accretion ratem > ∼ 10
−2ṁ
edd , where bṁ edd ≡ L edd /c 2 -the accreting black hole is in its high-soft state, during which the spectrum can be decomposed into two components c : (i) at low energies the standard Shakura-Sunyaev disk model (see e.g. Refs. 19, 20) applies, which can be approximated as
keV, where m BH denotes the black hole mass (in M ); (ii) a power-law component f ν ∝ ν −α X which extends out to ∼ a few to a few hundreds keV (after which it cuts off exponentially, see e.g. Refs 21, 22) , with α X having a broad distribution covering 0 < ∼ α X < ∼ 2, and peaked at α X ∼ 1 (e.g. Ref 22) . This power-law component is thought to originate in a hot corona of gas surrounding the black hole which Compton scatters UV photons emitted by the disk to higher energies. The fraction of the total bolometric luminosity that is in either component of the spectrum varies: the power-law component can contain ∼ a few to a few tens of per cent of the total bolometric luminosity (e.g. Ref 23) . In other words, the disk component typically contains a fraction of the bolometric luminosity which is of order unity. For a black hole of mass m BH accreting at its Eddington limit, the flux density at an observed frequency ν obs can be estimated from 
BH . This flux density corresponds to an AB-magnitude of
for h p ν obs < ∼ kT max /(1+z). For comparison, NIRCAM on the the soon-to-be launched James Webb Space Telescope (JWST) can detect a point source b For a radiative efficiency η, the maximum mass accretion rate equalsṁ = L edd /(ηc 2 ). c There is a third 'reflection' component, which consists of high-energy photons originating in the hot corona, but which scattered (either by free electrons, or fluorescently by ions) off the accretion disk. We follow Ref. 18 and assume this component to be sub-dominant to the other two. with S/N = 10 in after an integration of t = 10 4 with an AB-magnitude of ∼ 29 in the observed wavelength range λ = 1 − 5µm
d . Larger ground-based telescopes (such as E-ELT) may go ∼ 3 magnitudes deeper, but which is not nearly enough to detect continuum emission from the first black holes accreting at Eddington luminosity.
Prospects for Indirect Detection of the First Stellar Mass
Black Holes
Detecting the First BH through 21-cm
The prospects for indirect detection of the first black holes are much better. X-rays produced in the inner disk or hot corona can penetrate deeply into the neutral intergalactic medium where a significant fraction of their energy is converted into heat e . This re-heating of the IGM has a direct observational implication for the detectability of the 21-cm hyperfine transition of atomic hydrogen in the ground state (e.g. Ref 26) . Since this line provides such a potentially powerful probe of the high-z Universe (and the first black holes), we summarize the basic physics that regulates its detectability in a bit more detail below.
The visibility of HI gas in its 21-cm line -with frequency ν 21 ∼ 1.4 Ghz -is expressed as a differential brightness temperature with respect to the background Cosmic Microwave Background (CMB), δT b (ν) [27, 28] 
where δ + 1 ≡ ρ/ρ denotes the overdensity of the gas, z(= [ν 21 /ν] − 1) the redshift of the gas, T CMB (z) = 2.73(1 + z) K denotes the temperature of the CMB, the factor in square brackets contains the line-of-sight velocity gradient dv || /dr. The term T S denotes the spin (or excitation) temperature of the 21-cm transition, which quantifies the number densities of hydrogen d https://jwst.stsci.edu/science-planning/proposal-planning-toolbox/ sensitivity-overview e In a fully neutral IGM, photons with E > ∼ 50 eV deposit ∼ 1/3 of their energy as heat, ∼ 1/3 goes into ionization, and the remaining ∼ 1/3 goes into collisional excitation of transitions in H and He/He + (e.g. Refs 24, 25) . As the ionization fraction rises above ∼ 10% however, the fraction of photon energy that goes into heat rapidly approaches unity.
atoms in each of the hyperfine transitions, and which is discussed in more detail below (see Eq 4). The numerical prefactor of 9 mK in Eq (3) applies for gas undergoing Hubble expansion. For slower expansion rates, we increase the number of hydrogen atoms within a fixed velocity (and therefore frequency) range, which enhances the brightness temperature.
Eq 3 states that when T CMB (z) < T S , δT b (ν) > 0, and vice versa. This means that we see HI in absorption [emission] when T S < T CMB (z) [T S > T CMB (z)]. The spin temperature thus plays a key role in setting the 21-cm signal, and we briefly discuss the physical processes that determine T s below. Eq 3 highlights why so much effort is going into trying to detect the 21-cm line: having a 3D map of δT b (ν) provides us with direct constraints on the 3D density [δ(r)], and line-of-sight velocity field [v || (r)] of baryons in our Universe. It therefore provides us with a powerful cosmological and astrophysical probe of the high-redshift Universe.
The spin temperature T S is set by (i) collisions, which drive T S → T gas , (ii) absorption by CMB photons, which drives T S → T CMB (and thus that δT b → 0, see Eq 3), and (iii) Lyα scattering. Lyα scattering mixes the two hyperfine levels, which drive T S → T gas , and effect which is known as the 'Wouthuysen-Field effect' (WF effect). Quantitatively, it has been shown that [27] [28] [29] 
where x c = C21T * A21Tgas denotes the collisional coupling coefficient, in which k B T * denotes the energy difference between the hyperfine levels, C 21 denotes the collisional de-excitation rate coefficient, and A 21 = 2.85 × 10 −15 s −1 denotes the Einstein-A coefficient for the 21 cm transition. Furthermore, x α = 4Pα 27A21Tgas , in which P α denotes the Lyα scattering rate f . Eq 4 implies that the spin temperature T s is a weighted average of the gas and CMB temperature. The left panel of Figure 1 shows the universally (or globally) averaged temperatures of the gas (red solid line) and the CMB (blue solid line), and the corresponding 'global' 21-cm signature in the Right panel. We discuss these below (this discussion follows Ref 30) :
f We have adopted the common assumption here that the Lyα color temperature Tα = Tgas. T gas ∼ T CMB as a result of the interaction between CMB photons and the small residual fraction of free electrons that exist following recombination. When T CMB = T gas , we must have T s = T CMB , and therefore that δT b (ν) = 0 mK, which corresponds to the high-z limit in the right panel.
• At z < ∼ 100, electron scattering can no longer couple the CMB and gas temperatures, and the (non-relativistic) baryons adiabatically cool as T gas ∝ (1+z) 2 . Because T gas < T CMB , we must have that T s < T CMB and we expect to see the 21-cm line in absorption. When T gas first decouples from T CMB the gas densities are high enough for collisions to keep T s locked to T gas . However, at z ∼ 70 (ν ∼ 20 MHz) collisions can no longer couple T s to T gas , and T s crawls back to T CMB , which reduces δT b (ν) (at ν ∼ 20 − 50 MHz, i.e. z ∼ 70 − 30).
• The first stars, galaxies, and accreting black holes emitted UV photons in the range E = 10.2 − 13.6 eV. These photons travel freely through the neutral IGM, until they redshift into one of the Lyman series resonances, at which point a radiative cascade can produce Lyα. The formation of the first stars thus generates a Lyα background, which initiates the WFcoupling, which forces T s → T gas . The onset of Lyα scattering -and thus the WF coupling -causes δT b (ν) to drop sharply at ν > ∼ 50 Mhz (z < ∼ 30).
• At some point the X-rays produced by accreting black holes easily penetrate deep into the cold, neutral IGM, and reheat the gas. The left panel thus has T gas increase at z ∼ 20, which corresponds to onset of X-ray heating. In the right panel this onset occurs a bit earlier. This differ-ence reflects that the redshift of all the features (minima and maxima) in δT b (ν) are model dependent, and not well-known (more on this below). The onset of X-ray heating (combined with increasingly efficient WF coupling to the build-up of the Lyα background) enhances δT b (ν) until it becomes positive when T gas > T CMB .
• Finally, δT b (ν) reaches yet another maximum, which reflects that neutral, X-ray heated gas is reionized away by the ionizing UV-photons emitted by star forming galaxies and quasars. When reionization is complete, there is no diffuse intergalactic neutral hydrogen left, and δT b (ν) → 0.
In detail, the onset and redshift evolution of Lyα coupling, X-ray heating, and reionization depend on the redshift evolution of the number densities of galaxies, and their spectral characteristics. All these are uncertain, and it is not possible to make robust predictions for the precise shape of the global 21-cm signature. Instead, one of the main challenges for observational cosmology is to measure the global 21-cm signal, and from this constrain the abundances and characteristic of first generations of galaxies in our Universe. Detecting the global 21-cm is challenging, but especially the deep absorption trough that is expected to exist just prior to the onset of X-ray heating -which is tightly linked to the formation of the first black holes in our Universe -at ν ∼ 70 MHz is something that may be detectable because of its characteristic spectral shape. Constraints on the global 21-cm signal already rule out scenarios in which the Universe goes from fully neutral at fully ionized over ∆z < ∼ 0.06 at 6 < z < 13 (see Ref 33) . While such rapid reionization scenarios are not considered physically plausible, it is remarkable that global 21-cm experiments already have the sensitivity to detect (rapid) changes in the ionization state of the IGM. Encouraged by this success, a number of other experiments aim to detect the global 21-cm signal, including e.g. EDGES 2 [34] , LEDA g , BIGHORNS [35] , and SARAS 2 [36] . fluctuations (which corresponds to ∼ δT 2 b (k)) therefore contains additional constraints on the first black holes in the Universe [37] [38] [39] [40] .
There is a number of 'first generation' (e.g. PAPER [41] , LOFAR [42] , MWA [43] ) and future (e.g. SKA h , HERA [44] ) low frequency interferometers that aim to detect fluctuations in the 21-cm background on the scales shown in Figure 2 . Ref. 37 finds that SKA1-low and HERA should be able to detect the epochs of reionization and X-ray heating at a signal-to-noise level of ∼ hundreds. With optimistic assumptions on the foregrounds, they also find that all first generations of instruments could detect these epochs at S/N > ∼ 3. In fact, upper limits of the 21-cm power spectrum obtained by PAPER [45] already rule out some extreme models, in which the neutral IGM is not heated at all by X-rays even when reionization is well underway. Even though these extreme models are not really physical, it is extremely encouraging that observations have started placing constraints on the temperature of the low-density, neutral intergalactic medium in the very young Universe.
Contribution of the Early Generations of Accreting BHs to Cosmic Backgrounds
As discussed previously, X-rays emitted by the first black holes play an important role in shaping the thermal history of our Universe. A fraction of these X-rays may be observable today: the neutral IGM is optically thin to photons with energies E >
HI keV [46] , and these photons would redshift without absorption and would be observed as a present-day soft X-ray background (soft XRB). It is indeed possible that early generations of accreting black holes contributed significantly to the unresolved component of the XRBs:
• The unresolved soft XRB (here, observed energies E = 0.5 − 2 keV) can rule out certain models in which reionization is dominated by accreting black holes [46] [47] [48] , though quantitatively these constraints depend on the spectral slope α X characterizing the X-ray emission from the hot corona [46, 48] .
• Ref 49 (hereafter D12) applied the locally inferred relation between a galaxies star formation rate and X-ray luminosity (e.g. Refs 50, 51) i , and showed that star forming galaxies that are too faint to be detected as individual X-ray sources can fully account for the observed unresolved soft XRB (where 'soft' refers to the observed range E = 1 − 2 keV). Interestingly, there are observational indications that the total X-ray luminosity from HMXBs per unit SFR increases with redshift [52] , which implies that star forming galaxies could contribute even more j .
i This correlation -L X = 2.6 × 10 39 × SFR erg s −1 , where SFR is measured in units of M yr −1 and X-ray luminosity is measured in the energy-range E = 0.5 − 8.0 keV [51] is driven by High-Mass X-ray Binaries (HMXBs). In HXMBs are binaries in which a compact object (neutron star or black hole) accretes gas that is stripping off a massive O or B binary companion star. Because these stars are short-lived HMXBs closely trace ongoing star formation. j Specifically, D12 computed that star forming galaxies (SFGs) with SFR> 10 −2 M yr −1 whose X-ray flux falls below the detection limit of the 2 Ms Chandra Deep Field North [53] , contribute ∼ 2 − 3 × 10 −13 erg s −1 cm −2 deg −2 in the 1-2 keV band. In a more recent analysis, Ref 54 (hereafter C17) constrain the contribution of SFGs that are detected in the CANDELS catalogues of the 10 Ms Chandra Deep Fields to the XRB to be ∼ 3 × 10 −14 erg s −1 cm −2 deg −2 , which is a factor of ∼ 7 − 10 times lower. There are several reasons for this difference, all of which relate to the fact that
• A more recent analysis, Ref 54 (which we referred to as C17) show that there are indications that the spectrum of the unresolved component of the Cosmic X-ray Background (XRB) is harder and more obscured than the collective spectrum of resolved sources. C17 propose a scenario in which a high-z (z > ∼ 6 − 7) population of direct collapse black holes (DCBHs: black holes that form following the collapse of a pristine gas cloud directly into a massive black hole with no intermediate star formation [?, 10, 11, 55] ) fully account for the the remaining unresolved XRB. This proposal is motivated by theoretical modelling which showed that high-z DCBHs can -under certain assumptions -explain the amplitude of the observed fluctuations in the source extracted Near Infrared Background (NIRB) and its cross-correlation with the XRB [18] . C17 further show that if the unresolved XRB is indeed fully generated by a population of high-z Compton thick accreting black holes, that then observational constraints on the mass density of black holes require that the Compton thick gas that is surrounding the accreting black holes must have gas metallicities
This discussion highlights that it is possible that early generations of accreting black holes contribute significantly to the unresolved cosmic Xray backgrounds. However, the nature of the black holes varies greatly between different models, ranging from HMXB powering X-ray emission in sundetected ultra-faint z < 2 star forming galaxies to z 6 newly formed direct collapse black holes. It is possible to distinguish between these two models with future observations as we discuss in the next section.
Prospects for Detection of the First Massive Black Holes
As already mentioned, the first black holes may have been much more massive, with masses possibly as large as M BH ∼ 10 6 M (see Refs?, 10, 11
C17 considered a subset of SFGs that were included in the D12 analysis: (i) the 10 Ms Chandra observations allow for direct detection of more SFGs, which can therefore not contribute to the unresolved XRB; (ii) D12 include all star forming galaxies with SFR> 10 −2 M yr −1 , which corresponds to M UV ∼ −13 (not corrected for dust), most of which would be too faint to make it into the CANDELS catalogues; (iii) in D12 the largest contribution from star forming galaxies to the XRB comes comes from sources at z < 2. C17 specifically notes that it is possible for faint sources at these redshifts to contribute significantly to the XRB. k This is because lower metallicity gas is more transparent to high energy X-rays. As a result, a fixed observed flux in the XRB translates to a higher accretion rate in enriched gas [56] , which translates to a larger mass density in accreting black holes.
for a review of a variety of mechanisms that may give rise to such massive black hole seed masses). These massive objects are more easy to detect. In § 4.1 we compare estimates of the continuum flux density, in § 4.2 we estimate fluxes in some lines, and in § 4.3 we look at observational signatures associated with the formation of these black holes. The red-dashed line in Figure 3 shows an 'unprocessed' (by HI surrounding the black hole, including intergalactic HI) model spectrum for a DCBH at z ∼ 9 from Ref 56 for a number of assumptions: (i) the total X-ray flux from the accretion disk equals that coming from the hot corona; (ii) the spectrum coming from the corona is a power-law with slope α X = 1; (iii) the exponential cut-off of the spectrum occurs at high ( 10 keV) energies (iv) the DCBH has grown to M BH = 1.5 × 10 6 M . The unprocessed flux density peaks at h p ν obs ∼ kT max /(1 + z) ∼ 10 eV at f ν ∼ 10 −12.5 erg s
Direct Detection of the Continuum Emission from First
, which corresponds to m AB ∼ 26.2. This agrees well with our estimate given in Eq 2, which gives m AB ∼ 27 for m AB = 1.5 × 10 6 M .
The colored solid lines show the spectrum after it has been processed through a large column density of HI gas (here N HI > ∼ 10 24 cm −2 ). This hydrogen gas absorbs most radiation blueward of the hydrogen ionization threshold at h p ν obs > ∼ 13.6/(1 + z) = 1.4 eV. Because the photoionization cross-section decreases ∝ ν −3 , the gas becomes increasingly transparent at higher energies, which causes the processes spectrum to rise at h p ν obs > ∼ 0.2 keV. Lines of different colors represent the accreting black hole at different times -and therefore black hole mass. Ionizing photons that are absorbed in the neutral gas are reprocessed into recombination lines (and continuum), which we will discuss in § 4.2. tinuum emission from accretion onto the first massive black holes can be easily detected with future, and even existing telescopes (though in detail this depends on α X , and where this power-law spectrum cuts off). The more pressing question is therefore how we would be able to identify these objects.
Newly formed massive black holes are thought to rapidly acquire an accompanying stellar component, mostly from mergers with the nearby star forming halos which provided the required Lyman-Werner flux [58] [59] [60] to enable direct collapse of a primordial gas cloud into a massive black hole [61, 62] . The mass of the black hole is initially large compared to its accompanying stellar mass, and these galaxies -at least initially -do not obey the locally observed relation that the central black hole mass of a galaxy corresponds to ∼ 0.1% of its stellar mass (in the bulge). This initial stage -during which the black hole is overly massive -has been referred to as the 'Obese Black Hole Galaxy stage (OBG stage, see Ref 63) . Ref 56 provide several observational diagnostics which may help us identify galaxies in their OBG stage, including: (i) a large bolometric luminosity (L bol > ∼ 10 44 erg s −1 , which corresponds to the Eddington luminosity of a black hole of mass M BH ∼ 10 6 M ), (ii) a large ratio of X-ray to optical flux, and (iii) particular colors in the JWST bands. Additional ways to identify galaxies hosting newly formed massive black holes may be through line emission, as we discuss next.
Direct Detection of Lines from the First Massive BHs
Reprocessing of ionizing radiation in the hydrogen gas surrounding the accreting black hole gives rise to strong recombination lines. High-energy UV (E > ∼ 55.4 eV) and X-ray photons can doubly ionize Helium. Recombining doubly ionized Helium produces strong He1640 line emission. The strongest line that is produced however, is H Lyα, which can account for as much as ∼ 40% of the bolometric luminosity of the accreting black hole (see e.g.
Ref 64).
The recombination lines contain large fluxes, but condensed into narrow spectral ranges, which can make them more easily detectable. For example, a Lyα line with a luminosity of L α ∼ 10 43 − 10 44 erg s −1 can be detected more massive seeds (M BH ∼ 10 6 M ), which depends on the slope of the power-law continuum spectrum of the corona out to z ∼ 7 with existing large telescopes such as VLT, Keck & Subaru. At higher redshifts, the Lyα line redshifts into the NIR where the line is better accessible from space, as atmospheric OH lines contaminate groundbased observations. NIRSPEC on JWST has the sensitivity to detect line fluxes of ∼ 1 − 2 × 10 −18 erg s −1 cm −2 at λ ∼ 1 − 5µm, which corresponds to (apparent) Lyα luminosities of L α ∼ 10 42 erg s −1 at z ∼ 10. JWST should therefore be able to access Lyα line emission even from the lower mass 'massive' seeds (M BH ∼ 10 4 M ). For comparison, for 'moderately extended sources', the 7σ detection threshold for emission lines in WFIRST is ∼ 1 − 1.5 × 10 −16 erg s Fig 1 of [65] ), which corresponds to (apparent) Lyα luminosities of L α ∼ 10 44 erg s −1 at z ∼ 10. EUCLIDs deep, slitless spectroscopic surveys are expected to go similarly deep to ∼ 10 −16 erg s −1 cm −2 at comparable wavelengths (see e.g. [57] ). WFIRST & EUCLID may thus be able to directly detect line emission from the most massive black hole seeds. What is more important is that EUCLID & WFIRST will provide interesting targets which can then be followed-up spectroscopically with e.g. JWST and the next generation of ground-based facilities such as E-ELT. The E-ELT is expected to be able to detect similar line fluxes to λ < ∼ 2.5µm, by suppressing the narrow atmospheric OH lines. Because JWST and future ground-based facilities are expected to operate deeper into the IR, they can access other redshifted hydrogen lines such as the Hα line is expected to be a factor of ∼ 8 times weaker when powered by recombination.
There has been some speculation that we may have already detected such a newly formed massive black hole: CR7 (Cosmos-Redshift 7, [66] ) is one of the most luminous (L α ∼ 10 44 erg s −1 ) Lyα emitting galaxies in the Universe, and at z ∼ 6.6. In addition, the Lyα line is unusually strong, with a rest-frame equivalent width of EW α ∼ 200Å. The strength of this line is especially surprising given that the Lyα forest n is opaque to Lyα emission. In addition, CR7 appears to have a strong He1640 line, which is expected if CR7 harbors a source of hard ionizing radiation, such as an accreting black hole. CR7 further consists of several components, one of which consists of an older, passive galaxy. This has fueled speculation that CR7 may harbor a black hole that formed via direct collapse o , as the older galaxy would have n The precise opacity of the IGM to radiation that emerges from a galaxy close to the Lyα resonance is strongly frequency-dependent. How much flux is transmitted through the IGM at z ∼ 6.6 depends on the spectral shape and shift of the Lyα line as it emerges from the galaxy (see e.g. [67] for an extended review) o Other explanations for CR7 have been put forward. Strong Lyα, He1640 line emission, been a luminous source of Lyman-Werner flux radiation -a key ingredient for direct collapse -when it was forming stars in its past [61, 62] .
The extreme physical conditions of the HI gas surrounding the accreting black holes (high density, metal & H 2 -free environments) may give rise to interesting Lyα radiative transfer effects, which can give rise to unusual line ratios (this needs to be explored in future work, also see § 4.3). What is in this sense peculiar about CR7 is that the spectral shape of the Lyα line is similar to that of low-redshift strong Lyα emitting galaxies, in which the Lyα spectral line shape is affected by (likely stellar feedback-driven) outflows. This is important for two reasons: (i) the interstellar medium of CR7 is likely shaped by processes similar to that in the local Universe. This is consistent with a scenario in which the dark matter halo hosting a direct collapse black hole rapidly merges with the star forming halo (as we described when introducing the OBG stage). This merging process likely re-shapes the physical conditions of the interstellar medium in a way that more closely resembles that of 'ordinary' galaxies (ii) it implies that the accreting black hole is not surrounded by a large column density of HI gas, as is thought to be the case for newly formed DCBHs. This is because large column densities of HI gas require Lyα photons to scatter frequently before escaping, which broadens the width of the spectral line. The fact that the observed Lyα line is narrow, limits the allowed HI column densities through which Lyα photons are scattering to be ∼ 10 19 − 10 20 cm −2 (see Ref 64) .
Detection of the Formation of the First Massive BHs
Ref 73 discuss observational signatures of a particular formation channel of massive (M BH ∼ 10 5 M ) black holes via Hyper-Eddington accretion. In this scenario, the mass accretion rate onto a central black hole (which could be stellar mass and formed from a Pop III star, or more massive and formed differently) exceedsṀ BH > ∼ 5000L edd /c 2 . The transition to hyper-Eddington happens when the radius HII region created by hot gas accreting onto the black hole becomes smaller than the Bondi radius of the combined with the blue continuum of one of the three components of CR7 has also been associated with Population III star formation (see e.g. [66, 68] ). However, recent theoretical studies indicate that the required mass of Population III mass that is required to explain CR7 exceeds the maximum mass that is considered theoretically reasonable [69, 70] . Recent observations by [71] imply that the strength of the He1640 is weaker, and that [OIII] may have been detected, which would rule out the Population III scenario (but not the DCBH-scenario, see [72] ). black hole. Under these conditions, photons are trapped in the accretion flow and carried into the black hole together with the gas. The overall bolometric luminosity of the accreting black hole is the Eddington luminosity. The most massive of these black holes (M BH ∼ 10 6 M ) could also be accompanied with a Lyα luminosity reaching ∼ 10 42 − 10 44 erg s −1 . Given the lower gas temperatures involved in this mechanism, the He1640 line should be absent. The spectral shape of the Lyα line could distinguish it from other models, though this requires Lyα radiative transfer modelling which needs to be explored in future work. Ref 73 further argue that this Lyα signature likely disappears in the presence of small amounts of dust, which is interesting as it would suggest it is uniquely associated with the first black holes that form this way. Lyα Fig. 4 . The physical conditions inside a gas cloud that collapses directly into a massive black hole are optimal for trapping Lyα radiation. Trapped Lyα 'pump' the 2p-level of HI, and can give rise to stimulated fine-structure emission at a rest-frame wavelength of λ = 3.04 cm. Stimulated 3-cm emission would be a smoking gun signature of direct collapse Credit: from Figure 1 of [74] . c AAS. Reproduced with permission.
Another unique signature that is associated with the formation of di-rect collapse black holes was discussed in Ref 74: the physical conditions that enable direct collapse: (i) the collapse of pristine gas, (ii) the (virtual) absence of H 2 , (iii) the large column densities of HI gas, and (iv) suppressed fragmentation, provide optimal conditions for Lyα trapping, which can cause Lyα photons to scatter > ∼ 10 8 − 10 9 times. Under these conditions the 2p level (which is the only level of atomic Hydrogen excited by Lyα absorption) can be overpopulated with respect to the 2s level. Spinorbit coupling and the Lamb-shift causes one the 2p 3/2 (2p 1/2 ) level p to lie above (below) the 2s level, and give rise to a fine-structure line with rest-frame wavelength λ = 3.04 cm (λ = 27 cm). Overpopulation of the 2p level can therefore give rise to stimulated 3-cm emission [75] . Ref 74 showed that gas clouds directly collapsing into a massive black holes could amplify the background CMB (see Fig 4) at a level that is detectable with SKA1-mid. This signal is only detectable during a small fraction of the collapse of the cloud, and beaming effects which occur in saturated masers may also reduce the detectability of the signal. However, the 3-cm line has a broad peculiar spectral shape, which makes it easy to distinguish from other lines. If detected, this would provide a true smoking-gun signature of direct collapse.
Conclusions & Outlook
The main goal of this chapter is summarized in Figure 5 : we have presented a brief discussion of the prospects for detecting the first generations of black holes in our Universe. To summarize:
• The first stellar mass black holes can only be detected indirectly: they leave a unique imprint on the 21-cm background in several ways: (i) the presence and/or depth of the global 21-cm absorption trough is directly linked to the emergence of the first black holes and their spectral properties; (ii) X-ray heating by the first black holes directly affects the spatial fluctuations of the 21-cm signal in ways that can be detected at ∼ hundreds-σ level by future low-frequency arrays such that SKA1-low and HERA. Early generations of stellar mass black holes may have contributed significantly to the unresolved soft-XRB and the near-IR background. Dijkstra • If the first black holes were more massive, as has been argued theoretically, then this greatly improves the prospects for detecting them. Their continuum emission is well within reach of future facilities operating in the near-IR such as WFIRST, JWST, large ground-based facilities (E-ELT, GMT and TMT), while their X-ray emission is within reach of the deepest X-ray observations that have been performed with Chandra. Future X-ray telescopes (ATHENA, Lynx) should be able to detect X-ray emission from individual high-z massive black holes. It is theoretically possible to identify these black holes among other 'normal' high-z galaxies through a combination of the ratio of their optical-to-X-ray emission, and through their broad-band colors. Recombination lines provide another promising way of both finding and identifying the most distant, massive newly formed black holes, though quantitative predictions require further radiative transfer modelling.
In short: the next generation of telescopes will clearly have the capabilities to detect (indirectly and/or directly) electromagnetic radiation from the first generations of black holes. These detections (and/or non-detections) will provide the first observational constraints on the formation of the first baryonic structures in our Universe, which will represent a milestone for observational cosmology.
